Introduction
============

MDS are a group of clonal malignant hematopoietic diseases with an annual incidence of two to 12 per 100,000 and an almost invariably fatal outcome \[[@B1]\]. Approximately one-third of the patients die, as the disease progresses into therapy-resistant sAML, and the remaining two-thirds succumb to the complications of peripheral blood pancytopenia. Reduced blood cell counts with concomitant hyper- or normoplasia and dysplasia of bone marrow are the principal biological characteristics of MDS \[[@B1], [@B2]\]. These apparently contradictory features are attributed to the increased proliferation of immature cells, accompanied by high rates of apoptosis in maturing cells. The latter phenomenon has been termed differentiation failure and contributes markedly to, but probably does not fully account for, the peripheral blood hypocellularity in MDS \[[@B1]\]. The molecular and genetic basis of MDS is poorly understood, and no MDS-specific genetic alterations have been identified thus far \[[@B2], [@B3]\]. Point mutations in the gene for the hematopoietic transcription factor AML1, which are rare but recurrent in AML, have been found in \>20% of patients with advanced MDS and constitute the most frequent, currently known molecular alteration in this disease entity \[[@B4]\]. Mutations in the *N-RAS*, FLT3, and *MLL* genes have also been observed in MDS but significantly less often than in AML \[[@B5]\]. Approximately one-half of patients with MDS bears cytogenetic abnormalities such as deletions in or losses of chromosomes 5, 7, 17, or 20, trisomy 8, or structural aberrations affecting the *MLL* and *EVI1* genes in chromosome bands 11q23 and 3q26, respectively \[[@B1], [@B2]\].

Rearrangements of chromosome band 3q26, the majority of which leads to overexpression of the *EVI1* gene, are found in AML, chronic myeloid leukemia, and MDS \[[@B1], [@B2], [@B6], [@B7]\]. In addition, *EVI1* is expressed aberrantly in some cases of these disease entities as a result of yet-unknown reasons \[[@B7][@B8][@B9][@B10][@B11]\]. It codes for a zinc finger transcription factor \[[@B12], [@B13]\] and through alternative promoter use and alternative splicing, gives rise to several mRNA variants \[[@B7], [@B14][@B15][@B16][@B17]\]. These are translated into two major protein forms: the 145-kD EVI1 protein and the 170-kD MDS1/EVI1 protein \[[@B12], [@B15], [@B18]\]. MDS1/EVI1, which differs from EVI1 by the presence of an N-terminal PR domain, exhibited biological activity contrary to or different from that of EVI1 in some experimental systems \[[@B18][@B19][@B20][@B21]\].

Research about *EVI1* has focused largely on its role in AML, as its overexpression in this disease is associated with a poor prognosis \[[@B10], [@B11], [@B22]\]. In agreement with a contribution to the pathogenesis of AML, the overexpression of *EVI1* promoted cellular proliferation and inhibited differentiation and apoptosis in certain experimental systems \[[@B13], [@B19], [@B23][@B24][@B25]\]. However, *EVI1* levels appear to be increased even more frequently in MDS and sAML than in de novo AML \[[@B8][@B9][@B10][@B11]\]. Furthermore, mice transplanted with bone marrow cells ectopically expressing *EVI1* developed a fatal disorder resembling human MDS but without progression to AML \[[@B23], [@B25]\]. The latter disease emerged only when mice were transplanted with bone marrow cells coexpressing *EVI1* with the leukemogenic oncogenes *HOXA9* and MEIS1 \[[@B25]\] or with a mutant *AML1* gene \[[@B26]\]. These observations suggest that in vivo, *EVI1* promoted the proliferation of immature cells but exerted antiproliferative and/or proapoptotic effects that counteracted further cellular expansion in more differentiated cells. Full-blown leukemia developed only when this property of *EVI1* was overcome by additional genetic events.

In the present study, we found that inducible expression of *EVI1* or *MDS1/EVI1* in the human myelomonocytic cell line U937T led to cell-cycle arrest and massive apoptosis upon exposure to differentiation stimuli, thereby recapitulating salient aspects of the biology of MDS in vitro.

MATERIALS AND METHODS
=====================

Plasmids, cell culture, and transfections
-----------------------------------------

The plasmids EVI1-HA/pUHD10S and MDS1/EVI1-HA/pUHD10S harbor the human EVI1 and MDS1/EVI1 cDNAs, respectively, both with HA epitope tags at their 3′-ends in the pUHD10S vector backbone. The epitope tags did not affect the activities of EVI1 and MDS1/EVI1 in reporter gene assays. In addition, preliminary data suggested that transient transfection of a plasmid harboring an untagged EVI1 cDNA into U937 cells led to a growth phenotype similar to that observed upon induction of EVI-HA in stably transfected U937 cells (T. A. Konrad, unpublished results). pUHD10S contains seven copies of the tetracycline operator, facilitating tetracycline-regulable expression of its cDNA inserts \[[@B27]\].

U937T cells had been derived from U937 human histiocytic lymphoma cells by stable transfection with a construct driving tetracycline-regulable expression of the tetVP16 fusion protein \[[@B28]\]. They were cultured in a humidified incubator at 37°C and 5% CO~2~ in RPMI-1640 medium (Invitrogen, Carlsbad, CA, USA) containing 10% FBS (Invitrogen), 0.5 μg/ml puromycin (Sigma Chemical Co., St. Louis, MO, USA), and 1 μg/ml tetracycline (Serva Electrophoresis, Germany). To obtain U937T_EVI1-HA and U937T_MDS1/EVI1-HA cells, the plasmids EVI1-HA/pUHD10S and MDS1/EVI1-HA/pUHD10S were electroporated (0.17 kV, 950 μF) into U937T cells. Transfectants were selected, cloned, and propagated in RPMI-1640 medium supplemented with 10% FBS, 0.5 μg/ml puromycin, 1 μg/ml tetracycline, and 500 μg/ml hygromycin (PAA, Austria). To induce the expression of EVI1-HA or MDS1/EVI1-HA, exponentially growing cells were washed three times with PBS and resuspended in growth media without tetracycline. Control cultures were washed in the same manner but resuspended in media with tetracycline. To induce differentiation, TPA, at a final concentration of 50 ng/ml, was added to cells that had been transferred to media with or without tetracycline and adjusted to a density of 60 cells/μl on the previous day (Day 0 of the experiment). Control cultures were treated with an equivalent amount of solvent (ethanol).

HNT-34 \[[@B29]\] and MPD cells \[[@B30]\] were maintained at 37°C and 5% CO~2~ in RPMI-1640 medium supplemented with 10% FBS.

Immunoblot and immunofluorescence analyses
------------------------------------------

U937T cells and their derivatives were transferred to media containing the specified concentrations of tetracycline. After the indicated periods of time, protein extracts were prepared by subjecting cells to repeated freeze-thawing in a buffer consisting of 20 mM Tris, pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40, 0.5 mM PMSF, and protease inhibitor cocktail (Roche, Nutley, NJ, USA). Polyacrylamide gel electrophoresis, tank-blotting onto Bio Trace NT nitrocellulose membranes (Pall Corp., East Hills, NY, USA), and antibody hybridizations were performed using standard procedures. Primary antibodies directed against the HA-tag (mouse anti-HA.11 clone 16B12, Covance, Princeton, NJ, USA), EVI1 (rabbit anti-EVI1 C50E12, Cell Signaling Technology, Beverly, MA, USA), or β-tubulin (mouse anti-β-tubulin clone TUB 2.1, Sigma Chemical Co.) were used at dilutions of 1:10,000, 1:1000, and 1:2500, respectively. HRP-conjugated goat anti-mouse and goat anti-rabbit secondary antibodies were used at dilutions of 1:50,000--1:100,000 and detected by the Super Signal West Femto kit (Pierce, Rockford, IL, USA).

For immunofluorescence analysis, U937T cells and their derivatives were transferred to media with or without tetracycline and spun onto coverslips 48 h later. Cells were fixed with 100% methanol, permeabilized with 1% Triton X-100, and blocked with 5% goat serum (PAA). Cells were incubated with the HA antibody at a dilution of 1:200, followed by a fluorescein (FITC)-conjugated goat anti-mouse secondary antibody \[FITC-conjugated AffiniPure goat anti-mouse IgG (H^+^L), Jackson ImmunoResearch, West Grove, PA, USA; 1:200\]. Counterstaining of DNA with DAPI and mounting of coverslips were performed in one step using Vectashield Mounting Medium with DAPI (Vector Laboratories, Burlingame, CA, USA). Images were obtained with an Axiovert microscope (Zeiss, Thornwood, NY, USA).

Analyses of cellular growth and cell-cycle distribution
-------------------------------------------------------

To monitor cellular proliferation, exponentially growing U937T cells and their derivatives were transferred to media containing the indicated concentrations of tetracycline. During this process or 2 days later, all cultures were adjusted to the same cell density. On the indicated days after density adjustment, Trypan blue-excluding viable cells were counted in a hematocytometer.

For cell-cycle analyses, cells were transferred to media with or without tetracycline and adjusted to the same density. After 4 days, they were washed with PBS and incubated for 5 min in ice-cold 0.5 M citrate/0.5% Tween-20. Cell membranes were disrupted mechanically before the nuclei were pelleted and resuspended in PBS containing 100 μg/ml RNase A and 50 μg/ml propidium iodide. The nuclear DNA content was analyzed on a FACSCalibur (Becton Dickinson, San Diego, CA, USA) using CellQuest Pro and ModFit software for data acquisition and analysis, respectively.

Differentiation and apoptosis assays
------------------------------------

Spontaneous apoptosis was determined 5 days after exponentially growing cells had been transferred to media with or without tetracycline and adjusted to a density of 50 cells/μl. Accumulation of outer membrane leaflet phosphatidylserine and the loss of membrane integrity were assessed using the Annexin V-FITC/7-AAD kit from Beckman Coulter (Fullerton, CA, USA), according to the manufacturer's instructions. Flow cytometric analyses were performed on a FACSCalibur using CellQuest Pro software. Annexin V-negative 7-AAD-negative cells were considered viable; Annexin V-positive 7-AAD-negative cells were deemed early-apoptotic; and double-positive cells were considered late-apoptotic/necrotic.

To investigate the effects of *EVI1* and *MDS1/EVI1* on cellular differentiation, cells were transferred to media with or without tetracycline and adjusted to a density of 60 cells/μl. On the following day (Day 1 of the experiment), TPA at a final concentration of 50 ng/ml was added to one-half of each culture and an equivalent amount of solvent (ethanol) to the other half. Cellular differentiation was monitored on Days 4 and 6 of the experiment by staining for the monocyte/macrophage-specific cell-surface marker CD11b. Cells were incubated in a 1:48 dilution of a PE-conjugated CD11b antibody (Becton Dickinson) in PBS for 15--30 min at room temperature in the dark. Flow cytometric analyses were performed on a FACSCalibur. The percentage of CD11b-positive cells was used as a measure of differentiation. A second aliquot of each culture was subjected to Annexin V-FITC/7-AAD staining as described above.

For DNA fragmentation assays, cells were cultured in the presence or absence of tetracycline and TPA as described above. On Day 5 of the experiment, cells were subjected to TUNEL assays using the APO-DIRECT™ kit (Becton Dickinson) according to the manufacturer's instructions. Flow cytometric analyses were performed on a FACSAria (Becton Dickinson) using FACSDiva™ software.

Statistical analyses
--------------------

Statistical analyses were performed using the two-tailed *t*-test and the software package R 2.6.0. (http://www.r-project.org/). Data derived from several independent experiments are presented as mean ± standard error of the mean. *P* values \<0.05 were considered significant.

RESULTS
=======

Establishment of human myeloid cell lines expressing EVI1 or MDS1/EVI1 in an inducible manner
---------------------------------------------------------------------------------------------

U937 histiocytic lymphoma cells were chosen as a model to study the functions of *EVI1* and *MDS1/EVI1* in myeloid malignancies, as they are of human origin, can be stimulated to differentiate along the myelomonocytic lineage, do not express endogenous *EVI1* (T. A. Konrad, unpublished observations), and have been reported to be responsive to exogenously expressed *EVI1* \[[@B31]\]. The U937-derivative cell line U937T expresses the tetVP16 fusion protein in a tetracycline-regulated manner \[[@B28]\]. It was transfected with constructs containing the human EVI1 and MDS1/EVI1 cDNAs with HA epitope tags at their 3′-ends under the control of a tetVP16-responsive promoter. After hygromycin selection, U937T_EVI1-HA clones E10 and E14 and U937T_MDS1/EVI1-HA clones M2 and M27, which upon removal of tetracycline strongly induced EVI1-HA or MDS1/EVI1-HA, respectively ([**Fig. 1A**](#F1){ref-type="fig"}), were selected for further investigation. Time-course experiments showed that the exogenously expressed proteins were highly abundant as early as 12 h after tetracycline withdrawal and continued to be elevated for at least 120 h [(Fig. 1B)](#F1){ref-type="fig"}. Immunofluorescence analysis confirmed their location in the nucleus [(Fig. 1C)](#F1){ref-type="fig"}. During these investigations, a purchasable antibody capable of detecting endogenous EVI1 became available and was used to show that exogenous protein levels in U937T_EVI1-HA and U937T_MDS1/EVI1-HA cells 48 h after removal of tetracycline were comparable with endogenous EVI1 and MDS1/EVI1 protein levels in the human myeloid cell lines HNT-34 and MPD \[[@B29], [@B30]\] [(Fig. 1D)](#F1){ref-type="fig"}.

Induction of EVI1 or MDS1/EVI1 reduces the proliferation of U937T cells
-----------------------------------------------------------------------

To investigate the effects of experimental *EVI1* and *MDS1/EVI1* expression on cell proliferation, U937T_EVI1-HA, U937T_MDS1/EVI1-HA, and U937T cells were transferred to media with or without tetracycline. Two days later, they were adjusted to the same starting cell density. Viable cells were then counted daily over a period of 6 days. Unexpectedly, induction of *EVI1* or *MDS1/EVI1* strongly inhibited cell proliferation, while control U937T cells grew at comparable rates in the presence or absence of tetracycline ([**Fig. 2A**](#F2){ref-type="fig"}). Similar results were obtained when cells were cultured in media containing 1% rather than 10% FBS (data not shown).

To determine whether EVI1 inhibited cellular growth in a dose-dependent manner, E14 cells were transferred to media containing 1000, 5, 3, 2, 0.5, or 0 ng/ml tetracycline. Immunoblot analysis was performed on protein extracts derived 3 days after transfer to these media and showed that EVI1 protein levels increased with decreasing tetracycline concentrations [(Fig. 2B)](#F2){ref-type="fig"}. Accordingly, cell growth was maximal or near-maximal in the presence of 1000, 5, and 3 ng/ml tetracycline, intermediate at 2, and strongly reduced at 0.5 or 0 ng/ml tetracycline [(Fig. 2C)](#F2){ref-type="fig"}.

The reduced proliferation after exogenous expression of *EVI1* or *MDS1/EVI1* could be a result of slowed cell-cycle progression, increased apoptosis, or a combination of both. To address the first possibility, the nuclei of cells that had been maintained in the presence or absence of tetracycline for 4 days were stained with propidium iodide and analyzed by flow cytometry. In the presence of tetracycline, ∼40% of the cells were in S-phase, consistent with the rapid growth observed under these conditions. When *EVI1* was induced through removal of tetracycline, the percentage of cells in S-phase dropped to 4%, with a concomitant increase of the G~0~/G~1~ population ([**Fig. 3, A** and **B**](#F3){ref-type="fig"}). A similar but slightly milder effect was observed for U937T_MDS1/EVI1-HA cells [(Fig. 3, A and B)](#F3){ref-type="fig"}. As reported previously \[[@B28]\], the percentage of cells in S-phase was also somewhat reduced upon removal of tetracycline from U937T cells [(Fig. 3, A and B)](#F3){ref-type="fig"}, but this nonspecific effect was significantly milder than the specific effect observed as a result of the induction of *EVI1* or *MDS1/EVI1*.

To determine whether expression of *EVI1* or *MDS1/EVI1* caused cells to undergo apoptosis, U937T_EVI1-HA, U937T_MDS1/EVI1-HA, and U937T cells were maintained in the presence or absence of tetracycline for 5 days, stained with FITC-conjugated Annexin V and 7-AAD, and analyzed by flow cytometry. Tetracycline removal was found to cause a small but significant proportion of U937T_EVI1-HA cells to undergo apoptosis. This effect was more pronounced in U937T_MDS1/EVI1-HA cells but absent in parental U937T cells ([**Fig. 4**](#F4){ref-type="fig"}).

In summary, *EVI1* and *MDS1/EVI1* inhibited U937T cell proliferation, primarily by causing cell-cycle arrest and to a minor extent by increasing the rate of spontaneous apoptosis.

U937T cells expressing EVI1 or MDS1/EVI1 undergo massive apoptosis when stimulated to differentiate
---------------------------------------------------------------------------------------------------

To investigate the effects of *EVI1* and *MDS1/EVI1* on cellular differentiation, U937T_EVI1-HA, U937T_MDS1/EVI1-HA, and control U937T cells were transferred to media with or without tetracycline, and the differentiation-inducing agent TPA was added to one-half of each culture on the following day (Day 1 of the experiment). On Days 4 and 6, cellular differentiation was monitored by flow cytometric analysis for the monocyte/macrophage-specific cell-surface marker CD11b. As expected, TPA caused a time-dependent increase in the percentage of CD11b-positive cells in all three investigated cell types ([**Fig. 5**](#F5){ref-type="fig"}). Similarly, removal of tetracycline led to enhanced CD11b expression in U937T_EVI1-HA, U937T_MDS1/EVI1-HA, and U937T cells [(Fig. 5)](#F5){ref-type="fig"}. This effect was strongest in U937T_EVI1-HA cells and least pronounced in U937T cells. In the latter cell line, it also declined over time [(Fig. 5)](#F5){ref-type="fig"}, probably as a result of overgrowth of differentiated cells by cycling cells. Addition of TPA after tetracycline withdrawal caused an only moderately stronger effect on cell-surface CD11b levels than either treatment alone [(Fig. 5)](#F5){ref-type="fig"}. However, a markedly increased rate of cell death was noted in U937T_EVI1-HA and U937T_MDS1/EVI1-HA cells under these conditions. To investigate this phenomenon further, aliquots of the cultures used for CD11b staining were labeled with Annexin V-FITC and 7-AAD and subjected to flow cytometry. Removal of tetracycline led to a moderate increase in apoptosis in U937T_EVI1-HA and U937T_MDS1/EVI1-HA cells but not parental U937T cells on Day 6 of the experiment [(Fig. 5)](#F5){ref-type="fig"}. Addition of TPA to tetracycline-containing cultures caused the death of a small proportion of cells of all three types. Notably, a marked and synergistic increase in the numbers of dying and dead cells was observed when U937T_EVI1-HA and U937T_MDS1/EVI1-HA cells were exposed to TPA after transfer to tetracycline-free media [(Fig. 5)](#F5){ref-type="fig"}. This effect was absent in parental U937T cells [(Fig. 5)](#F5){ref-type="fig"}, demonstrating that it was a specific consequence of the expression of *EVI1* or *MDS1/EVI1*.

To corroborate these results, U937T_EVI1-HA, U937T_MDS1/EVI1-HA, and U937T cells were cultured as described above and subjected to TUNEL assays on Day 5 of the experiment. Again, a limited proportion of U937T_EVI1-HA cells underwent programmed death upon exposure to TPA or removal of tetracycline, and the combination of these treatments caused a more-than-additive proportion of cells to die ([**Fig. 6, A** and **B**](#F6){ref-type="fig"}). Similar effects were seen in U937T_MDS1/EVI1-HA cells but not in parental U937T cells [(Fig. 6, A and B)](#F6){ref-type="fig"}. In summary, these data show that the expression of *EVI1* or *MDS1/EVI1* causes massive apoptosis in cells exposed to a differentiation stimulus.

DISCUSSION
==========

Overexpression of the *EVI1* gene is presumed to contribute to the pathogenesis of AML and MDS \[[@B6][@B7][@B8][@B9][@B10][@B11]\]. In agreement with its role in the former disease, experimental expression of *Evi1* enhanced the proliferation of immature hematopoietic cells \[[@B19], [@B23][@B24][@B25], [@B32], [@B33]\], and targeted disruption of its gene locus impaired proliferation and enhanced spontaneous apoptosis of murine hematopoietic stem and progenitor cells \[[@B13], [@B34]\]. *EVI1* inhibited programmed cell death in response to a variety of apoptotic stimuli \[[@B24], [@B31], [@B35]\], and its ectopic expression interfered with erythroid and granulocytic differentiation \[[@B23], [@B36]\]. Of these phenotypes, *EVI1*-mediated augmentation of proliferation and survival is not only likely to be relevant for the role of *EVI1* in AML but may also contribute to the bone marrow hypercellularity observed frequently in MDS. However, more mature MDS cells are impaired in their ability to grow and survive. Indeed, *EVI1* also evoked phenotypes that may be related to this aspect of the disease. Thus, ectopic expression of *Evi1* caused an MDS-like disease in a mouse bone marrow transduction/transplantation system \[[@B23], [@B25]\]. Compared with controls, bone marrow cells from diseased mice yielded reduced numbers of colonies in soft agar containing differentiation-promoting cytokines \[[@B23], [@B25]\], most likely reflecting impaired growth and/or enhanced rates of cell death. In ovarian epithelial cells, only short-term expression of *EVI1* increased proliferation, whereas long-term expression strongly reduced growth and/or survival \[[@B37]\]. *EVI1* overexpression also delayed proliferation of human myeloid UT-7/GM cells and of erythroid cells from various sources \[[@B23], [@B36], [@B38], [@B39]\]. Furthermore, when *Evi1*-transduced murine 32Dcl3 or 32DEpo cells were induced to differentiate, they lost their viability in a manner not characterized further \[[@B20], [@B38], [@B40]\], possibly reflecting the phenotype of differentiation failure. In the present investigation, it was found that inducible expression of *EVI1* in the human myeloid cell line U937T caused cells to cease proliferation, accumulate in the G~0~/G~1~-phase of the cell cycle, increase cell-surface CD11b expression, undergo a mild degree of spontaneous apoptosis, and massively succumb to programmed cell death when induced to differentiate.

Notably, tetracycline withdrawal caused a shift from the S- to the G~0~/G~1~-phase of the cell cycle, not only in U937T_EVI1-HA cells but, as reported previously \[[@B28]\], in parental U937T cells as well. However, the alterations in cell-cycle distribution were significantly more pronounced in U937T_EVI1-HA cells than in the parental line. Therefore, they appear to constitute a genuine and specific consequence of *EVI1* expression. Similarly, removal of tetracycline led to increased cell-surface CD11b expression in U937T_EVI1-HA and in U937T cells. Again, this effect has been reported previously for U937T cells \[[@B41]\] but was less pronounced than in U937T_EVI1-HA cells in our experiments. Although we cannot rule out the possibility of differentiation being induced as a specific consequence of *EVI1* expression in U937T cells, we believe it is more likely a secondary effect of cell-cycle arrest. This assumption is supported by the following observations: First, the extent of the G~0~/G~1~ arrest correlated with that of CD11b induction in the cell lines used in this study. Second, a large proportion of U937T cells remained in a cycling state and outgrew the CD11b-positive cells over time, whereas in the U937T_EVI1-HA clones, of which virtually all cells arrested in G~0~/G~1~, cell-surface CD11b expression increased with time. Third, it has been shown previously that cell-cycle arrest caused by experimental expression of the cyclin-dependent kinase inhibitors p21 and p27 or by glutamine depletion was sufficient to induce differentiation of U937 cells \[[@B42], [@B43]\], suggesting that cell-cycle arrest per se is sufficient to promote differentiation in this cell line.

The most striking phenotype observed after induction of *EVI1*, namely, the occurrence of massive apoptosis after exposure to a differentiation signal, was entirely absent in parental cells, showing that it was a genuine and specific effect of *EVI1*. Interestingly, TPA caused a higher rate of cell death in U937T_EVI1-HA than in U937T cells even in the presence of tetracycline. This may be a result of basal *EVI1* expression in U937T_EVI1-HA cells in the presence of the antibiotic [(Fig. 1A)](#F1){ref-type="fig"} and suggests that the ability of *EVI1* to cause apoptosis in cells exposed to differentiation signals is dose-dependent. For the following reasons, we believe it unlikely that the massive apoptosis observed in *EVI1*-expressing, TPA-treated cells was merely a consequence of excessive differentiation signals: i) the rate of apoptosis in *EVI1*-expressing, TPA-treated cells greatly exceeded that observed under any other conditions, including some that led to comparable degrees of CD11b positivity, and ii) the combined effects of *EVI1* induction and TPA treatment on CD11b expression were only moderately greater than their individual effects, but their combined effects on apoptosis were synergistic. Therefore, our results suggest that expression of *EVI1* in U937 cells causes differentiation failure, which is a key feature of MDS.

Our data appear to contradict those of Kurokawa et al. \[[@B31]\], who reported that constitutive *EVI1* overexpression inhibited TNF-α-induced apoptosis in U937 cells. A possible explanation for this discrepancy is that constitutive expression of *EVI1* may select for transfectants with genetic or epigenetic alterations that cooperate with *EVI1* to promote cellular growth and survival. Alternatively, U937 cells maintained in different laboratories, or U937 and U937T cells, may exhibit certain genetic and/or gene-expression differences a priori. For example, our batch of U937 cells transcribed *HOXA9*, a gene highly expressed in, and important for the function of, hematopoietic stem cells \[[@B44]\], while U937T cells, for unknown reasons, did not (T. A. Konrad, unpublished results).

A further, unexpected finding was that *EVI1* and *MDS1/EVI1* evoked qualitatively identical and quantitatively similar cellular phenotypes in our experimental system. Like a number of other related protein pairs, EVI1 and MDS1/EVI1 differ from each other by the absence or presence of an N-terminal PR domain, respectively. In many such protein pairs, the variant lacking the PR domain has oncogenic and the PR-containing variant tumor suppressive properties \[[@B45]\]. Likewise, *Evi1* and *Mds1/Evi1* exhibited opposing biological activities in some previous experiments \[[@B18][@B19][@B20], [@B37]\]. However, in other assay systems, *Evi1* elicited specific effects, whereas *Mds1/Evi1* was inactive \[[@B19][@B20][@B21]\], and in yet others, the expression of the two protein variants had the same biological consequences \[[@B21], [@B37], [@B46], [@B47]\]. Thus, it appears that *EVI1* and *MDS1/EVI1* may act in a similar, different, or opposite manner depending on the biological effect and the experimental system investigated. Notably, however, two recent studies reported that overexpression of *EVI1* and *MDS1/EVI1* had contrary effects on prognosis in ovarian cancer \[[@B37]\] and in AML \[[@B11]\]. Comparable data for MDS are not available at the present time. Although our results show that both *EVI1* and *MDS1/EVI1* bring about phenotypes that may be relevant for peripheral blood cytopenia in MDS, their effects on immature MDS cells and/or the prognostic significance of their overexpression in MDS may differ.

In summary, our study confirms and extends previous results, demonstrating that the effects of *EVI1* on the proliferation, differentiation, and death of hematopoietic cells strongly depend on cell lineage and the stage of maturation. Such seemingly contradictory phenotypes have also been observed after experimental expression of an activated *N-RAS* gene \[[@B48][@B49][@B50][@B51][@B52]\] and probably reflect the multifaceted roles of these genes in the complex pathologies of MDS and AML. In the present study, we established a cell-culture model that recapitulates cellular phenotypes which may be relevant to the pathology of MDS in response to the inducible expression of *EVI1*. Based on our own data and those of others, we propose the following working model for the role of *EVI1* in normal and malignant hematopoiesis: In the former context, *EVI1* promotes the proliferation of immature cells and is down-regulated during differentiation \[[@B7], [@B53][@B54][@B55]\]. In MDS, pathologically activated *EVI1* expression augments proliferation and/or survival of immature malignant cells, but the inability to down-regulate this gene properly causes differentiation failure and consequent peripheral pancytopenia. In AML, additional genetic and/or epigenetic alterations keep cells in a state sufficiently immature to benefit from the growth-promoting properties of *EVI1*, and/or they overcome the failure of more mature, *EVI1*-expressing cells to differentiate.
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![**Expression of EVI1 and MDS1/EVI1 in U937T transfectants.** (A) Immunoblot analysis of U937T_EVI1-HA E10 and E14, U937T_MDS1/EVI1-HA M2 and M27, and U937T cells grown in media with or without tetracycline (tet) for 48 h. Experimentally expressed proteins were detected using an antibody recognizing the HA epitope tag (upper panels); hybridization with an antibody against β-tubulin was used as loading control (lower panels). M/E, MDS1/EVI1. (B) Time-course analysis. Proteins were extracted from exponentially growing E14 or M2 cells maintained in media with or without tetracycline for the indicated times and subjected to immunoblot analysis as described above. (C) Immunofluorescence analysis demonstrating nuclear location of experimentally expressed EVI1 and MDS1/EVI1 proteins. E14, M2, and U937T cells were maintained in the presence or absence of tetracycline for 48 h, fixed, permeabilized, and probed with the HA antibody and a FITC-conjugated secondary antibody. DNA was counterstained with DAPI. Similar results were obtained for clones E10 and M27. (D) Protein extracts prepared from E10, E14, M2, M27, and U937T cells maintained in the absence of tetracycline for 48 h and from the human myeloid leukemia cell lines HNT-34 and MPD were subjected to immunoblot analysis with an antibody recognizing human EVI1 or with a β-tubulin antibody as a loading control. Small size differences between endogenously and exogenously expressed proteins are a result of the presence of the HA epitope tag in the latter. All experiments were repeated several times and yielded comparable results.](zgb9990949550001){#F1}

![**EVI1 and MDS1/EVI1 inhibit proliferation of U937T cells.** (A) U937T_EVI1-HA E10 (squares), U937T_MDS1/EVI1-HA M2 (diamonds), and U937T cells (triangles) were transferred to media containing 1000 (closed symbols) or 0 (open symbols) ng/ml tetracycline. Two days later, their density was adjusted to 50 cells/μl (Day 0). On the indicated days, viable cells were identified by Trypan blue exclusion and counted in a hematocytometer. Comparable results were obtained for E14 and M27 cells. (B) Immunoblot analysis of E14 cells maintained in media containing the indicated concentrations of tetracycline for 3 days. (Upper panel) Staining with an HA antibody; (lower panel) staining with a β-tubulin antibody as a loading control. (C) E14 and U937T cells were transferred to media containing 1000 (circles), 5 (asterisks), 3 (crosses), 2 (triangles), 0.5 (squares), or 0 (diamonds) ng/ml tetracycline and adjusted to the same starting density. On the indicated days thereafter, viable cells were identified by Trypan blue exclusion and counted in a hematocytometer. All experiments were repeated several times and yielded comparable results.](zgb9990949550002){#F2}

![**EVI1 and MDS1/EVI1 cause G~0~/G~1~ arrest in U937T cells.** (A) U937T_EVI1-HA E14, U937T_MDS1/EVI1-HA M2, and U937T cells were maintained in the presence or absence of tetracycline for 4 days. Nuclear DNA content was analyzed by flow cytometry after staining with propidium iodide. Similar data were obtained with E10 and M27 cells. (B) Quantitative evaluation of cell-cycle experiments. The percentage of cells in each phase of the cell cycle is indicated. E, M, U, Results obtained for U937T_EVI1-HA (*n*=5), U937T_MDS1/EVI1-HA (*n*=4), and U937T cells (*n*=3), respectively. Data have been derived from several independent experiments. Values for U937T_EVI1-HA clones E10 and E14 were pooled, as were values for U937T_MDS1/EVI1-HA clones M2 and M27. Open and solid bars, Cells grown in the presence or absence of tetracycline, respectively. Asterisks above bars indicate the level of significance between cells grown in the presence or absence of tetracycline. Asterisks above brackets indicate the level of significance as compared with U937T cells under the same conditions. \*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001.](zgb9990949550003){#F3}

![**Induction of EVI1 or MDS1/EVI1 in U937T cells increases the rate of spontaneous apoptosis.** U937T_EVI1-HA, U937T_MDS1/EVI1-HA, and U937T cells were maintained in the presence (open bars) or absence (solid bars) of tetracycline for 5 days, stained with Annexin V-FITC and 7-AAD, and analyzed by flow cytometry. The percentages of viable (double-negative), early-apoptotic (Annexin V-positive 7-AAD-negative), and late-apoptotic/necrotic (double-positive) cells are indicated. E, M, U: results obtained for U937T_EVI1-HA (*n*=6), U937T_MDS1/EVI1-HA (*n*=4), and U937T cells (*n*=4), respectively. Data have been derived from several independent experiments. Values for U937T_EVI1-HA clones E10 and E14 were pooled, as were values for U937T_MDS1/EVI1-HA clones M2 and M27. Asterisks above bars indicate the level of significance between cells grown in the presence or absence of tetracycline. Asterisks above brackets indicate the level of significance as compared with U937T cells under the same conditions. \*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001.](zgb9990949550004){#F4}

![**Expression of EVI1 or MDS1/EVI1 causes massive apoptosis in U937T cells exposed to a differentiation stimulus.** U937T_EVI1-HA, U937T_MDS1/EVI1-HA, and parental U937T cells were transferred to media with or without tetracycline. On the next day (Day 1 of the experiment), 50 ng/ml TPA was added to one-half of each culture. On Days 4 (upper panel) and 6 (lower panel), one aliquot of each culture was stained with a PE-conjugated CD11b antibody and another aliquot with Annexin V-FITC and 7-AAD, and cells were analyzed by flow cytometry. The percentages of CD11b-positive cells as well as the percentages of viable (Annexin V-negative 7-AAD-negative), early-apoptotic (Annexin V-positive 7-AAD-negative), and late-apoptotic/necrotic (Annexin V-positive 7-AAD-positive) cells are shown in separate panels as indicated. E, M, U: results obtained with U937T_EVI1-HA (*n*=4), U937T_MDS1/EVI1-HA (*n*=4), and U937T cells (*n*=4), respectively. Data have been derived from several independent experiments. Values for U937T_EVI1-HA clones E10 and E14 were pooled, as were values for U937T_MDS1/EVI1-HA clones M2 and M27. Open bars, Cells maintained in the presence of tetracycline and the absence of TPA; hatched bars, cells maintained in the presence of tetracycline and TPA; shaded bars, cells maintained in the absence of tetracycline and TPA; solid bars, cells maintained in the absence of tetracycline and the presence of TPA. Asterisks above bars indicate the level of significance as compared with U937T cells under the same conditions. \*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001. ^\#^, On Day 6 of the experiment, U937T_MDS1/EVI1-HA cells without tetracycline had lost viability to an extent that did not allow a reliable distinction between early- and late-apoptotic cells. Therefore, only the number of viable cells is indicated.](zgb9990949550005){#F5}

![**TUNEL assays confirm massive apoptosis in EVI1- or MDS1/EVI1-expressing U937T cells exposed to a differentiation stimulus.** (A) U937T_EVI1-HA E14, U937T_MDS1/EVI1-HA M27, and parental U937T cells were transferred to media with or without tetracycline. On the next day (Day 1 of the experiment), 50 ng/ml TPA was added to one-half of each culture. On Day 5, DNA breaks were labeled using terminal deoxynucleotidyl transferase and FITC-labeled dUTP and quantified by flow cytometry. Similar results were obtained with E10 and M2 cells. (B) Quantitative evaluation of TUNEL experiments. The percentage of TUNEL-positive (dead) cells is indicated for each culture condition. E, M, U: data obtained with U937T_EVI1-HA (*n*=3), U937T_MDS1/EVI1-HA (*n*=4), and U937T cells (*n*=3), respectively. Data have been derived from several independent experiments. Values for U937T_EVI1-HA clones E10 and E14 were pooled, as were values for U937T_MDS1/EVI1-HA clones M2 and M27. Open bars, Cells maintained in the presence of tetracycline and the absence of TPA; hatched bars, cells maintained in the presence of tetracycline and TPA; shaded bars, cells maintained in the absence of tetracycline and TPA; solid bars, cells maintained in the absence of tetracycline and the presence of TPA. Asterisks above bars indicate the level of significance as compared with U937T cells under the same conditions. \*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001.](zgb9990949550006){#F6}
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